We report study of current densityvoltage (JV ) and capacitancevoltage (CV ) characteristics of Al/Ta2O5/Al metalinsulatormetal structures prepared by electron beam deposition. At low bias voltages the JV characteristics of Al/Ta2O5/Al structures show ohmic conduction. At higher voltages the conductivity becomes limited by space charge. The space charge limited conductivity is due to carrier trap centers located within the energy gap of Ta2O5. The distribution of the trap appears to be exponential above the valence band. Basing on the comparison of the measured temperature dependences of the current density with the theoretical model one can determine important material parameters, such as the trap density. The density of states at the Fermi level N (EF) for the Ta2O5 lm is found to be 2.75 × 10 19 eV −1 cm −3 . The capacitancevoltagetemperature (CV T ) characteristics of Al/Ta2O5/Al structures were carried out in the bias range −5 to +5 V and at temperatures from 300 to 550 K. The capacitance of Al/Ta2O5/Al structures increases with the increasing temperature.
Introduction
With a rapid development of semiconductor industry increases a demand for materials which can be integrated into memory devices and advanced electronic packaging applications as capacitors. Because of that investigations of such material parameters as values of dielectric constant, leakage current densities, breakdown eld strengths, and eect of frequency or temperature on dielectric constants focus recently signicant attention [1, 2] .
Ditantalum pentoxide (Ta 2 O 5 ) is known for its relatively high dielectric constant (about 25), good chemical and thermal stability and compatibility with standard microelectronic processing operations. This material has been used as a discrete capacitor insulator in electronic applications, as an oxygen sensor, and as a high-temperature resistor [3, 4] . The recent study of its ionic conductivity has also demonstrated its performance as an ionic membrane or a solid electrolyte in multilayered electrochromic devices [5] . Thus, thin ditantalum pentoxide lms become potentially important in microelectronics. They are regarded as promising candidates for capacitor insulators in high density dynamic random access memories (DRAMs) [68] . Moreover, the Ta 2 O 5 lms are of interest for applications in optical waveguides, antireection coatings, and MOS devices. Up to now, the study of the optical properties of Ta 2 O 5 has been focused on material absorption or waveguide attenuation [912] . From the point of view of optical applications Ta 2 O 5 thin lms exhibit many attractive properties, including the high optical transmission, high refractive index, good thermal and chemical stability, and good barrier properties. The properties have a wide variety of applications, e.g., as an anti-reection coating for solar cells [13] , wave guides for surface acoustic devices [14] , interference and protective coatings for optical lters and lenses [15] , and dielectrics in electrochromic devices requiring high permittivity [16, 17] .
In this study, ditantalum pentoxide (Ta 2 O 5 ) thin lms deposited on BK7 glass substrates by electron beam deposition have been characterized by electrical methods. The electrical properties of Al/Ta 2 O 5 /Al metal insulatormetal (MIM) structures were studied in current densityvoltage and capacitancevoltage measurements in a wide range of temperatures. The parameters extracted from JV and CV characteristics were interpreted basing on theoretical models developed for transport properties in this kind of structures.
Experimental
Ditantalum pentoxide Ta 2 O 5 lms were deposited by electron beam deposition technique in a high vacuum chamber on BK7 glass substrates. The deposition process was carried out at room temperature. For the deposition the A700QE-Leybold Optics electron beam deposition system with the base pressure of 8 × 10 −6 mbar was employed. The BK7 glass surfaces were treated by very ne polishing and cleaning to assure high quality of the Ta 2 O 5 thin lms. For the lm evaporation we (1191) used Ta 2 O 5 powder of 99.99% purity supplied by Umicore Materials AG. The evaporation rate was adjusted to 0.5 nm/s. The rate and the nal layer thickness were controlled by quartz crystal deposition monitor (model type IC/5). During the evaporation of the materials, the reactive process with oxygen O 2 was carried out at pressure 2.5 × 10 −4 mbar. The thickness of the deposited Ta 2 O 5 was d = 0.67 µm.
The structural characterization of Ta 2 O 5 thin lm was carried out by using X-ray diraction. Philips X-ray diractometer (model X'-Pert) was used for the measurements. The absence of sharp peaks in the X-ray patterns indicates that the Ta 2 O 5 lms are amorphous in agreement with previous observations by Azim et al. [18] .
The current densityvoltage (JV ) characteristics on Al/Ta 2 O 5 /Al MIM devices were measured using a high internal impedance electrometer type Keithley 617A Source/Measure unit for dc measurement via equipped suitable coaxial cable. Capacitancevoltage measurements were performed using a computer controlled 410 CV meter with an operating frequency of 1 MHz interfaced via model 4108 CV interface. This system includes a 1 MHz capacitance meter, variable dc voltage for bias stressing, ramp generator-programmer. Front--panel programming controls allow the voltage applied to the device to ramp between adjustable Start and Stop limits at the desired rate. The 410, in conjunction with an XY recorder, produces real-time CV plots. These measurements were performed under a forward and reverse biasing voltage. The temperature of the device was controlled using chromelalumel thermocouple (Type-K) connected to temperature controller (type termotronic), Scotti instruments, Italy. 
. This behavior is simply described by Ohm's law. This gives evidence that the injected carrier density is lower than the thermally generated carrier density. When the injected carrier density is greater than the free carrier density, the current becomes space charge limited.
For higher bias voltages, the current density is described by the power law J ≈ V m (2.5 < m < 3.5) indicating the onset of space charge limited conduction (SCLC) [19] . This result contradicts the J ≈ V 2 behavior reported by McKenzie and coworkers [20] which was explained by a single trap model [21] . A fairly well--dened transition voltage (V t ) can be derived from each characteristic by obtaining the intersection point of the two linear sections of the logarithmic characteristics at x-axis. As shown in Fig. 2 , the transition voltage V t decreases with the increasing temperature. This behavior may be attributed to the decrease of the density of the structural defects [22] .
The existence of the second region of JV characteristics suggests a SCLC mechanism, with exponential trap distribution. The slope m in the second region decreases with increasing temperature. The temperature dependence of the exponent m is shown in Fig. 3 . The observed Fig. 3 . Plot of the slope m versus 1000/T for Al/Ta2O5/Al MIM structure.
proportionality conrms a SCLC model controlled by an exponential distribution of traps [5] . This type of conduction can be expressed as [23, 24] :
where ε is the dielectric constant of the semiconductor, ε 0 is the permitivity of free space, e is the electronic charge, µ is the mobility of carrier charges, N v is the eective density of states in valence band edge, d is the thickness of the sample, l is a parameter given by l = T t /T , T t is a characteristic temperature of the exponential distribution of the traps. The total density of trap states is given by [23, 24] :
where P 0 is the trap density per unit energy range at the valence band. The exponential trapping distribution is given by [23, 24] :
where E is the energy above the valence band edge. The slopes of curves (m) as shown in Fig. 3 were determined to be equal to l + 1. T t value was calculated from these curves as 538 K. It is seen that T t values change with temperature.
Temperaturecurrent densityvoltage measurements allow the determination of additional information concerning the lm material. On the basis of Eqs. (1) and (2), Gould [25] has shown that plots of log(J) vs. 1000/T at constant voltages in the SCLC region are straight lines. The gradient of the plots is given by [25] :
The slope varies with voltage and yields a value for N t . Figure 4 shows typical examples of such curves for the Al/Ta 2 O 5 /Al structure at constant applied voltages equal to 8, 12, 16, and 20 V. On extrapolation, it is predicted that all log(J) vs. 1000/T plots should intercept at a common point, whose coordinates are given by [25] :
These coordinates are independent of the bias voltages applied to the lms. The values of N t could be (again) obtained using the coordinates of the intersection point in Fig. 4 . The values of N t obtained in the range of 2.28 × 10 20 m −3 . The trap density per unit energy range at the valence band P 0 and the charge mobility µ can easily be determined and were found to be 3.05 × 10 40 J −1 m −3 and 2.85 m 2 /(V s), respectively.
By determining both T t and P 0 and combining them with Eq. (3), the trap density per unit energy range at an energy E above the valence band edge could be evaluated, using Eq. (3), and the obtained data are shown in Fig. 5 . This gure exhibits a decrease in P (E) with increase of the value of the energy above the valence band edge and this may be due to the decrease in the scattering centers Fig. 4 . Plot of the current density J versus 1000/T for Al/Ta2O5/Al MIM device at dierent applied voltages.
as the lm thickness increases [22] . According to the theory of the space charge-limited conduction, in the case of uniform distribution of localized states, the current density at a particular voltage (V ) is given by the following relation [26, 27] :
where K is a constant and can be expressed as [26, 27] :
where n is the carrier concentration (density of thermally activated charge carriers). The value of n was determined from the intercept of log(J/V ) vs. V for each temperature and plotted as a function of temperature and shown in Fig. 6 . As the temperature is increased, the number of broken bonds (carriers) in the material increases because there is more thermal energy available so more and more electrons gain enough energy to break free [28] . In Eq. (6), S is the slope of log(J/V ) vs. V plot and can be given by the following form [26] :
where N (E f ) is the density of localized states near the Fermi level, ε is the dielectric constant of the sample, ε 0 is the permittivity of free space and k is the Boltzmann constant. As evident from Eqs. (6) and (7), in the case of space charge limited conduction, the log J/V versus V curves should be a straight line and the slope (S) of these curves should be inversely proportional to the temperature. The plots of log(J/V ) versus V at different temperatures in the range 300550 K were plotted as shown in Fig. 6 . Values of S were obtained from the slope of these curves. N (E F ) value was determined from the slope of S vs. 1000/T plot ( Fig. 7) and was found as 2.75 × 10 19 eV −1 cm −3 . It is seen that S values are proportional to the inverse of temperature. S values were found to decrease with increasing temperature. The obtained results show the presence of space charge limited conduction. As the temperature increases, the trapped carriers are thermally activated to the conduction band. The linear tting in Fig. 7 suggests that the high-electric conduction region is governed by the space charge. Furthermore, interfacial layer between Al metal and Ta 2 O 5 causes a voltage drop across the interface and thus, the voltage dependence of the reverse current can be explained by the drop over an interfacial oxide layer [29] . Fig. 7 . Plot of the slope S versus 1000/T for Al/Ta2O5/Al MIM structure. Fig. 9 . The frequency and the amplitude of the ac signal were 1 MHz and 40 mV rms and the dc bias voltage swept from −5 to 5 V. It is observed that the CV characteristics are dependent on bias polarity. When the negative bias is applied (−2 > V > 0) on the top of Al-electrode, noticeable voltage dependent of the capacitance is obtained for all the measured temperature than those with a positive bias applied. This capacitancevoltage dependence is believed to relate with the existence of bulk--dielectric traps near the dielectric/metallic interface [30] . At which, dierent traps will induce charges with dierent time constants and modulate capacitor charges. Fig. 9 . Plot of the CV characteristics for Al/Ta2O5/Al MIM device at dierent temperature.
In addition, Green and Shewchun [31] show that the strong minority injection from the metal contact causes large value of C in the CV characteristic, and for the large barrier with a reasonably thick insulator the minority-carrier current dominates the majority-carrier current. They also showed that the minority-carrier device has a top metal contact having a metal-to-insulator barrier height, which has been found experimentally to roughly correspond to aluminum [32] .
It is well known that for a parallel plate capacitor, the capacitance is proportional to the electrode area and the reversed dielectric thickness. Similarly, the capacitance of a coplanar capacitor is also dependent on the electrode area (W × L) and electrode gap (t). In our work, the device is often made with L W and W being kept as a constant value; i.e. the electrode area is proportional to L. In that case, one can reasonably assume that the capacitance is proportional to L. Our experiment has conrmed that the capacitance and the area of electrode follows a nonlinear relationship; i.e. C ∝ (A) n , where n is smaller than unity and approximately ≈ 0.65. Moreover, the capacitance decreases as the gap becomes wider; empirically the data can be tted as C ∝ (1/t) m where m ≈ 0. 3 [3336] . In the case of application of an alternating voltage across a certain semiconducting material, the equivalent capacitance measured by a CV meter is given by [3337]:
where
σAC is the Maxwellian dielectric relaxation time, ε is the dielectric constant of Ta 2 O 5 lm, ε 0 is the permittivity of free space, and τ is the dielectric relaxation time. After substituting τ m , Eq. (9) can be written as
Due to the lower conductivity of Ta 2 O 5 lm, then the second term of Eq. (10) can be ignored and the capacitance is given by Figure 10 shows the capacitance variation of Al/Ta 2 O 5 /Al MIM structure as function of temperature for dierent applied biasing voltages at 1 MHz. The results for all biases show that the capacitance increases with increase of temperature in agreement with those published before by Hu et al. [30] . This behavior may be attributed to the increase in carrier concentration as the temperature increases.
Conclusions
The SCLC mechanism in Al/Ta 2 O 5 /Al structure was investigated at dierent temperatures in the range 300 550 K. The JV curves of the diode exhibit two regions, which correspond to ohmic conduction and space charge limited conduction mechanisms. A fairly well-dened transition voltage V t can be derived from each characteristic. The slope m of second region decreases linearly 
